Background: In nutritional studies, pigs are often used as models for humans because of nutritional and physiologic similarities. However, evidence supporting similar metabolic responses to nutritional interventions is lacking. Objective: The objective was to establish whether pigs and humans respond similarly to a nutritional intervention. Using metabolomics, we compared the acute metabolic response to 4 test breads between conventional pigs (growing) and adult human subjects (with the metabolic syndrome). Design: Six catheterized pigs and 15 human subjects were tested in a randomized crossover design with 4 breads: white-wheat bread low in dietary fiber, rye bread with whole-rye kernels, and 2 whitewheat breads supplemented with either wheat arabinoxylan or oat b-glucan. Blood samples drawn 215, 30, and 120 min postprandially were analyzed by untargeted liquid chromatography-mass spectrometry metabolomics. Results: We found that the postprandial responses, as reflected in blood metabolomes, are similar in pigs and humans. Twenty-one of 26 identified metabolites that were found to be different between the species were qualitatively similar in response to the test breads, despite different basal metabolome concentrations in the plasma of pigs and humans. Humans had higher contents of phosphatidylcholines, oleic acid, and carnitine in plasma, possibly reflecting a higher intake of meats and fats. In pigs, betaine, choline, creatinine, tryptophan, and phenylalanine were higher, probably because of the higher doses of bread provided to the pigs (per kg body weight) and/or because of their growing status. Acute metabolic differences in these metabolites induced by the breads were, however, comparable between the 2 species. 
INTRODUCTION
Pigs (Sus scrofa) and humans (Homo sapiens) share many similarities, which has led to the use of pigs as important animal models for research in nutrition, physiology, and pathophysiology. Thus, pigs are extensively used as models for several human diseases, including obesity and the metabolic syndrome (1, 2) . For nutritional research, it is important that the gut physiology of pigs is comparable with that of humans with similar nutritional requirements and digestive and metabolic processes (3) . Insertion of cannulas and catheters permits access to the gastrointestinal tract and central organs of live pigs and is advantageous when studying nutrient absorption and bioavailability not possible in humans (3) . For example, the porcine porto-arterial catheterization model allows sampling of blood from the mesenteric artery and the portal vein that leads nutrients to and from the gastrointestinal tract. This provides direct measures of nutrient uptake and hormone secretion during a dietary intervention (4), whereas only peripheral blood, in which many metabolites have already been metabolized by the liver and other tissues, can be collected from humans.
The porcine porto-arterial catheterization model has been widely used when studying the effects of dietary fiber (DF) 4 on postprandial glucose and insulin responses (5) (6) (7) . Consumption of DF has gained considerable interest because of healthpromoting properties on glucose and insulin metabolism, with the main focus being prevention and treatment of diseases associated with the metabolic syndrome and type 2 diabetes mellitus. Cereal DFs such as (1/3)(1/4)-b-D-glucan (b-glucan) from oat and barley and arabinoxylan from rye and wheat are of interest because they are effective at reducing the glycemic index of foods (8, 9) . Both b-glucan and arabinoxylan can be extracted and incorporated into various baked products and thereby increase the DF content to provide beneficial physiologic effects (10) , which can be used as an alternative to whole-grain products.
In the current study, plasma from human subjects with the metabolic syndrome and from porto-arterial-catheterized pigs was characterized by liquid chromatography-mass spectrometry (LC-MS) metabolomics. Both pigs and humans ingested breads as single meals with different contents and compositions of arabinoxylan and b-glucan. The aim was to clarify differences and similarities in the acute metabolic response to the different breads and to compare the porcine with the human metabolome. The experimental set-up was similar for pigs and humans, and blood samples were collected at identical postprandial time points for a direct comparison. To our knowledge, no previous comparisons of acute metabolic responses to a postprandial challenge exist between pigs and humans. This characterization is important to establish whether effects found in pigs can be transferred to humans. We hypothesized that pigs and humans will respond in a similar way because of physiologic and nutritional similarities.
SUBJECTS AND METHODS

Breads
Four breads were used in the study: 2 commercial breads [white-wheat bread (WF) (Sundbrød Hvede Toast; Lantmännen Schulstad A/S) and rye bread with rye kernels (RK) (Levebrød Multikernerugbrød; Lantmännen Schulstad A/S)] and 2 experimental breads made in house [arabinoxylan bread (AX) and b-glucan bread (BG)].
AX was made from white-wheat flour (67.8%), wheat arabinoxylan concentrate (24.4%; Manildra Group), water, baker's yeast (3.5%), sugar (0.9%), salt (1.7%), and shortening (1.8%). Soluble wheat arabinoxylan was isolated from the soluble fraction after extraction of starch and gluten, concentrated by evaporation, heat treated, further treated with a-amylase and glucoamylase, precipitated with ethanol (1:3, vol:vol), filtered, and finally dried on a spray dryer (11) . The wheat arabinoxylan fraction had 23.4% arabinoxylan with an arabinose: xylose ratio of 0.94 and an average molecular weight of 602 kDa (12) .
BG was made from white-wheat flour (71.0%), soluble b-glucan (PromOat, 13.3%; Biovelop AB), wheat fiber (Vitacel WF 600, 6.9%; Rettenmaier & Söhne GmbH), wheat gluten (1.0%), baker's yeast (3.5%), sugar (0.9%), salt (1.7%), and shortening (1.8%). Soluble b-glucan was obtained from the subaleurone of oat by combining wet-milling and enzymatic hydrolysis (11) . Because a high dose of b-glucan from PromOat caused the dough to be very sticky, the amount was reduced and cellulose/purified wheat fiber was added to balance the DF content in BG relative to the other high-DF breads. Purified wheat fiber (Vitacel WF 600) contained 72.2% cellulose and 16.9% arabinoxylan with an arabinose:xylose ratio of 0.09 (12) . The test breads were chemically analyzed as previously described (13, 14) ( Table 1) . The content of b-glucan in PromOat was 35.2% and had an average molecular weight of 1978 kDa (15) .
Subjects
Fifteen subjects (7 men and 8 postmenopausal women) aged 63 6 4 y and with a BMI (in kg/m 2 ) of 31.1 6 3.2, a waist circumference of 107 6 12 cm, a fasting glucose concentration of 5.9 6 0.4 mmol/L, a fasting triglyceride concentration of 1.6 6 0.7 mmol/L, a fasting HDL concentration of 1.3 6 0.4 mmol/L, and a blood pressure of 136/87 6 10/9 mm Hg with the metabolic syndrome, according to the definition of the International Diabetes Federation (15) , were included in the study. All subjects gave their written informed consent, and the study was approved by the Central Denmark Region Committees on Health Research Ethics according to the Helsinki Declaration.
Animals
Six female pigs (crossbreeds of Duroc 3 Danish Landrace 3 Yorkshire from the swine herd at Aarhus University, Foulum, Tjele, Denmark) with an initial mean (6SD) body weight of 60.2 6 3.1 kg were catheterized in the mesenteric artery and the portal vein as previously described (16) . Pigs were selected for surgery if they had a plasma glucose concentration ,5.8 mmol/L 1 h after ingesting a traditional swine diet and if they would eat rye bread. The portal vein catheter was infused with 0.5 L sterile saline on the first postoperative day, and the pigs were exercised by walking for 3 d to improve recovery. In total, 7-9 d were spent to recover. Catheters were flushed aseptically with 1000 IU/mL of a heparin solution every 3-4 d and otherwise if needed to maintain patency. The catheters were secured by using pouches attached to the side of the pig with Leucoplast/Tensoplast (BSN Medical) and an elastic tubular net. The pigs were kept individually in pens with a concrete floor. Elevated plastic grids covering half of the pen allowed the pigs to rest and stay dry. The animal experiment was conducted in accordance with a license obtained by the Danish Animal Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish Veterinary and Food Administration.
Experimental design
The human study was previously described (13) . Each human subject was given a standard low-DF (16 g DF/d) diet to be consumed on the day preceding each study day. The subjects were instructed not to drink alcohol or perform strenuous exercise on the day before each study day and to maintain their regular lifestyle throughout the entire study. Subjects were instructed not to take any medication on the study day. The human subjects ingested the test breads in a randomized crossover design. The breads were provided in the morning after a 12-h fasting period with w1 wk between each test day. Test bread with 50 g available carbohydrate was served with 300 mL tap water and was ingested within 15 min. At 120 min after the breakfast, 200 mL tap water was served.
The pig study was previously described (14) . The pigs were fed a semisynthetic low-DF washout diet between test days that consisted of wheat flour (807 g/kg), whey protein (73 g/kg, Lacprodan-87; Arla Foods Ingredients amba), canola oil (30 g/ kg), wheat fiber (Vitacel WF 600; Rettenmaier & Söhne GmbH), and vitamins and minerals (60 g/kg). Once a week, the pigs were weighed and received an intramuscular supplement of 400 mg Fe 3+ (Uniferon; Pharmacosmos A/S); they had a daily weight gain of 858 6 103 g/d. Similarly to the human subjects, the pigs ingested the test breads in a randomized crossover design. The breads were provided in the morning after a 12-h fasting period with 2 to 3 d between each test day. Test bread with w200 g available carbohydrate was fed to the pigs and ingested within 15 min. Water was made available to drink ad libitum.
Blood was collected on each test day from the mesenteric artery and portal vein of the pigs and an antecubital vein in humans just before the pigs ate [fasting value, t 0 (-15 min postprandial)] and at 15, 30, 45, 60, 90, 120, 180, and 240 min (and 270 min in the human study) postprandial in heparincontaining Vacutainers (Greiner Bio-One). Blood was centrifuged at 2000 3 g for 12 min (pig plasma) or 15 min (human plasma) at 48C, and plasma was stored frozen at 2808C until analyzed.
Preparation of plasma samples for mass spectrometry
Plasma samples collected at t 0 and at 30 min (t 30 ) and 120 min (t 120 ) postprandial were analyzed. A total of 200 mL acetonitrile/ formic acid (99:1 vol:vol HPLC grade) containing a 10-mmol/L internal standard mix of glycocholic acid (glycine-1 13 C), betaine-trimethyl-d9 hydrochloride, and choline chloride-trimethyl-d9 (Sigma-Aldrich) was added to the plasma samples (100 mL). The samples were shaken for 10 min and incubated at 48C for 20 min for deproteinization. The supernatant fluid was collected after centrifugation at 13,200 3 g for 10 min and injected into the LC-MS column.
LC-MS
For the LC-MS analysis, an Ultimate 3000 (Dionex) HPLC system was coupled to a MicrOTOF-Q II mass spectrometer (Bruker Daltonik GmbH) operating in ESI + -ion mode. The scan range was from 50 to 1000 m/z at a sampling rate of 2 Hz. The capillary voltage was 4500 V, the nebulizing gas pressure was 1.8 bar, and the drying gas flow and temperature were 8.0 L/min and 2008C, respectively. Lithium formate at a concentration of 5 mmol/L in water/isopropanol/formic acid (50:50:0.2, vol:vol: vol) was used as an external calibrate and was injected at the beginning of each chromatographic run. For tandem mass spectrometry analysis, argon was used as the collision gas, and collisions were carried out at energies from 6 to 60 eV. All other parameters were the same as mentioned above.
Chromatographic separation was performed on an Ascentis Express HILIC HPLC column (10 cm 3 2.1 mm, 2.7 mm) with a guard column (2.1 3 5 mm, 2.7 mm) (Supelco). The column was held at 308C. The injection volume was 5 mL. Mobile phase A consisted of ammonium acetate buffer (5 mmol/L, pH 4 adjusted with formic acid), and mobile phase B consisted of acetonitrile/formic acid (100:0.025 vol:vol). The column was equilibrated for 5 min before the gradient started at 10% A for 1 min and then linearly increased to 32% A within 10 min. Mobile phase A was further increased to 35% within 17 min and to 90% within 23 min. The mobile phase was kept at isocratic conditions (90% A) for 30 s and then turned back to 10% A in 30 s. The total analysis time was 29 min, including equilibration time, and the flow rate was 100 mL/min. Samples were injected randomly. Blanks and a sample of pooled plasma sample from pigs were injected after each 5 to 10 samples for quality control of the LC-MS run.
Data analysis
Acquired mass spectra were calibrated and converted into an mzXML file format by using CompassXport (Bruker Daltonik GmbH) to carry out the data analysis. MZmine 2.3 (17) was used for preprocessing of data with a centroid peak detector algorithm and the RANSAC aligner. Isotopes and noise were removed. A matrix was generated with retention time, m/z values, and the respective intensities of ions. Principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) after Pareto scaling was performed by using LatentiX 2.00 (Latent5 Aps). Outliers were removed based on 95% CIs, as well as plots of the residual variance as a function of Hotelling's T 2 . PLS-DA models were validated by using a training set (67% of the samples-both for the human subjects and the pigs). The test breads were randomly assigned for calibration to predict the classification of an independent test set (33% of the samplesthe remaining samples). A PLS-DA model is best at handling 2 groups at a time, which is why only differences between the humans and pigs were in focus for this analysis, and a linear mixed model was applied to test the effects of breads and time. Seven-fold cross-validation was applied for internal validation. Variables were selected from loading plots in PLS-DA models and used to search METLIN (http://metlin.scrips.edu) and the human metabolome database (http://www.hmdb.ca) for compound identification. Metabolites were tentatively identified based on retention time, accurate mass, and mass spectrometric fragmentation patterns; authentic standards were used for confirmation when available.
Effects of species, diets (breads), time, and their interactions on the intensity of the identified metabolites were analyzed as linear mixed models by using the MIXED procedure of SAS (version 9.3; SAS Institute Inc):
where Y ijkl is the dependent variable (metabolite), m is the overall mean, a i is the effect of species (i = human, pig), b j is the effect of diet (j = WF, AX, BG, and RK), g k is the time postprandial in minutes (k = 0, 30, and 120), and ab ij , ag ik , and bg jk are the interaction terms. The 2 terms d l (l = human 1,..., pig 1,...) and r jkl accounted for repeated measurements being performed on the same individual within a sampling day. and e ijkl is the residual error component. The covariance structure of r jkl was modeled by using the spatial power option that takes into account the different intervals between repeated measurements. Statistical significance was set at P , 0.05 and 0.05 # P , 0.10 as trends.
To correct for multiple comparisons, false discovery rate q values were calculated with a significance threshold set at q , 0.25 (18).
RESULTS
Pigs eat w4 times as much carbohydrate per day than do humans, which is why they were fed 200 g available carbohydrate compared with 50 g for the human subjects. This resulted in significantly higher doses of bread per kilogram body weight, which also caused higher intakes of protein ( Table 2 ). The pigs were young and had a rapid growth rate, whereas the human subjects maintained a stable weight throughout the study period. A total of 178 pig (90 arterial and 88 portal vein) plasma samples and 180 human plasma samples were included in the metabolomics analysis. After preprocessing, the data set contained 1790 m/z features used for the multivariate analysis.
All PCA models showed a clear separation of human and pig plasma samples at principal component (PC) 1 (Figures 1 and 2) . Separation in the scores plots indicates differences or variation between these groups/clusters; large separation indicates clear differences between groups, whereas smaller or no separation indicates less or no differences. Human plasma samples showed a greater variation between individuals in the scores plots than did the pig plasma samples. The PCA models showed no differences between males and females from the human samples, and no obvious differences were detected between the arterial and the portal vein samples in the pigs.
Individual PCA models of samples taken at 30 min ( Figure 1A ) and 120 min ( Figure 1B ) postprandial showed distinct patterns at PC2 according to consumption of the different breads, which was similar between pigs and humans. Samples from subjects who ate the WF bread were clustered in the bottom region of PC2 at both time points, whereas subjects who ate the high-DF breads were located above this region.
PCA models of samples from subjects given the individual breads furthermore showed a division at PC2 into time points t 0 , t 30 , and t 120 (Figure 2) . Again, similar patterns were found for both human samples and pig samples. However, differences were observed between the 4 breads: in response to the WF bread, the plasma samples taken at individual time points clustered with t 0 next to t 30 , and with t 120 next to t 30 ( Figure 2A ). Samples at t 120 showed a clear separation from t 0 and t 30 in response to the AX bread, whereas t 30 was most distinct for BG and RK.
A PLS-DA model was calculated (data not shown) to find variables most discriminative between humans and pigs. The calculated goodness of fit of the PLS-DA model was 0.96, and the goodness of prediction was 1.00, which highlighted the robustness of the model. The discriminative metabolites and their relative abundance, according to species and the breads, are shown in Table 3 . A linear mixed model was applied to test the effects of species, diets, time, and their interactions for each identified metabolite. Humans had higher contents of oleic acid, phosphatidylcholine species, lyso phosphatidylcholine 16:0, and carnitine. Pigs on the other hand had higher contents of bile acids, taurine, amino acids, lyso phosphatidylcholine 18:1, betaine, and choline. Erucamide, uric acid, and lyso phosphatidylcholine 18:0 were found to be different between species in the multivariate analysis but not in the mixed model. Chenodeoxycholic acid, hyodeoxycholic acid, and ursodeoxycholic acid could not be distinguished in the analysis because of identical fragmentation patterns and retention times. Phosphatidylcholine species were identified from the characteristic fragment of phosphocholine (184 amu).
Most of the metabolites were significantly affected by diet, species (humans compared with pigs), and time. Importantly, a diet 3 species interaction was not established in 21 of 26 cases after false discovery rate-correction, which reflected similar responses to the breads between pigs and humans.
DISCUSSION
The major finding of our study was that pigs and humans had very similar postprandial responses, as reflected in blood metabolomes after bread consumption, despite differences in basal concentrations between species. The PCA models showed similar dietary patterns for pigs and humans, and 21 of 26 detected metabolite ions had nonsignificant diet-species 
TABLE 3
List of metabolites with relative intensities discriminating between pigs (n = 6) and human subjects (n = 15) fed 1 of 4 different test breads Data were analyzed by using a linear mixed model. Means in a row with different superscript letters are significantly different, P , 0.05. AX, wheat bread with arabinoxylan isolate; BG, wheat bread with b-glucan isolate; CDCA, chenodeoxycholic acid; FDR q value, false discovery rate to correct for multiple comparisons; GCDCA, glycochenodeoxycholic acid; HDCA, hyodeoxycholic acid; PC, phosphatidylcholine; RK, rye bread with kernels; RT, retention time; UDCA, ursodeoxycholic acid; UI, unidentified; WF, white-wheat bread. 
ACUTE METABOLIC RESPONSES OF PIGS AND HUMANS
glucagon-like peptide 1, triglycerides, and free fatty acids to saturated and monosaturated fat were obtained (20, 21) . However, quantitatively the postprandial responses may variate because of age, BMI, and metabolic conditions.
The intake of available carbohydrates in human subjects was based on the standard for glycemic index measurements (22) , which represent w20% of the intake for an adult person in Denmark (23) . The higher intake of available carbohydrates in the pigs (4 times) represented w20% of their normal intake per day (24) . In the absorptive phase, the delivery of nutrients from the gastrointestinal tract was by far the most important contributor to metabolites in the bloodstream (22) . Consequently, the influence of the higher intake of bread on the pigs was believed to be negligible for diet-species interactions.
Caution should be exercised when interpreting the results for the identified metabolites, because the results need to be considered in relation to the applied extraction and chromatographic procedures used-other undetected metabolites could be different between the species. The 3 time points (t 0, t 30 , and t 120 ) were chosen for comparison in this study because they represented the fasting state (t 0 ), the state where glucose and insulin peaked (t 30 ), and the state where glucose and insulin had returned to normal but digestion was ongoing (t 120 ) (13, 14) . Absorbed microbial degradation products of carbohydrates and proteins were not detected because fermentation in the colon starts later. It was, however, evident from the multivariate analysis that pigs-as expected-had less interindividual variation than did humans, probably because of more similar genetic backgrounds and being kept under strict controlled conditions. The humans had larger genetic differences and less strict living conditions. A contributing factor to the larger individual variation in humans, however, could have been related to their metabolic syndrome and resulted in less metabolic flexibility to dietary challenges (25) .
The human subjects had higher circulating concentrations of lipids than did the pigs. This might be related to differences in their basic habitual diets. The pigs received a washout diet between interventions relatively low in fat (11% of energy), intermediate in protein (19% of energy), and high in carbohydrates (70% of energy). The actual intake of fat in humans is most likely higher (26) than the dietary recommendations of 20% to 35% (27, 28) . The high dietary intake of fat increases the circulating concentrations of free fatty acids, and dietary sources such as eggs and meat may increase plasma phosphatidylcholines. In addition, the human subjects had the metabolic syndrome, whereas the pigs were lean and healthy. Metabolic syndrome and obesity increase the release of free fatty acids from excess adipose tissue (29) .
Cereals such as wheat and rye are good sources of betaine and choline (30) . The higher plasma contents of betaine and choline in pigs than in humans may have reflected the higher bread dose per kilogram body weight of the pigs. Furthermore, plasma betaine has been found to be inversely related to several factors involved in the metabolic syndrome (31), which suggests decreased concentrations of betaine in the human subjects. Dietary choline is primarily used to synthesize acetylcholine and phospholipids such as phosphatidylcholines (32, 33) . The remainder of choline is oxidized to betaine, which serves as an osmoregulator and as a substrate in the betaine-homocysteine methyltransferase pathway to catalyze the conversion of homocysteine to methionine (32, 33) . The pigs were in a growing stage, which could explain why choline was metabolized to betaine instead of phospholipids to provide available methionine and cysteine for net protein deposition and optimal growth. Because betaine has osmoregulatory properties, it might have also reduced creatinine clearance by the kidneys (34) and caused the pigs to have higher plasma contents of creatinine. However, creatinine may also just be an indicator of differences in protein turnover and energy demand (35) between pigs and human, ie, higher for growing pigs than for outgrown humans.
The human subjects had higher plasma concentrations of carnitine than did the pigs. Dietary carnitine is primarily found in foods from animal sources, such as meat and dairy products (36) , and is a marker of meat intake, which could explain the observed differences. Taurine, a major constituent of bile, and bile acids on the other hand were higher in the plasma from the pigs, which could reflect the absorption of these constituents from the intestines to the portal vein. The systemic circulation contains limited amounts of bile acids as a result of enterohepatic circulation between the liver and intestines (37) .
The PCA models of the different breads showed AX to stand out; at 120 min postprandial, the AX samples were clustered away from the other samples. AX had a high protein content coming from the arabinoxylan concentrate, which influenced the amino acid uptake and insulin response in the late absorption phase (38) . In particular, plasma tryptophan concentrations seemed to reflect the protein contents in the breads. In addition, the plasma concentrations of amino acids were slightly higher in pigs than in humans, which reflected the higher protein dose in the pigs than in the human subjects.
Uric acid is a breakdown product of purine metabolism that is excreted in the urine. Elevated plasma uric acid concentrations have been associated with the metabolic syndrome and cardiovascular disease (39) . No significant differences in uric acid concentrations between species were established, but the effects of diet showed WF and BG to induce higher contents than RK and AX, which could be related to a higher insulin secretion in response to WF and BG (13, 14) and to the fact that insulin stimulates the reabsorption of urate in the kidneys (39, 40) .
In summary, similar metabolic findings were obtained in pigs and humans in response to the 4 different breads, despite basic species differences in their metabolomes. These basic differences seemed primarily to be a product of the habitual diets and differences in the amount of bread per kilogram body weight. The up-and downregulation, uptake, and excretion of metabolites in response to the test breads were the same overall for both species. Consequently, pigs seem to be good models for nutritional intervention studies for predicting human metabolic responses. To the best of our knowledge, no previous comparisons of acute metabolic responses, as reflected in blood metabolomes, to postprandial challenges have been performed between humans and pigs. Our results suggest the pig as a suitable model for metabolic studies in food research. However, differences in the health/disease stage of humans and pigs need to be considered, and further studies using subjects and pigs with similar backgrounds, as well as other techniques to detect other metabolites, are needed for a clear conclusion. In addition, a comparison with alternative pig models such as mini-pigs and the Yucatan and Ossabaw breeds would be of interest, because they are often used as models for obesity and the metabolic syndrome.
